Abstract. We have analyzed the electrical conductivities of Al--Cu--Fe and Al--Cu--Ru quasicrystals in a low temperature region, taking into account the conducting mechanism of the quasicrystal-like system. The present analysis suggests strongly that not only the weak localization and the electron-electron interaction contributions but also the conducting effect of the quasicrystal-like system should be considered.
Introduction
The thermodynamically stable Al--Cu--Fe, Al--Cu--Ru, Al--Pd--Mn, and Al--Pd--Re icosahedral phases show remarkable structural quality, and have the anomalous electrical-conductivities, such as semiconductor-like properties [1, 2] . It has been suggested that the semiconductor-like properties are due to the combination of a Hume-Rothery pseudogap and the presence of localized states at the Fermi level [3] . Mayou et al. [4] proposed a possible explanation for the unusual transport properties of quasicrystals in terms of hopping processes between wave functions mainly localized inside atomic clusters. Trambly de Laissardiere et al. [5] discussed the formation of virtual bond states due to an icosahedral cluster of transition metal (TM) atoms and an icosahedral cluster of the TM clusters. Recently one of the present authors [6] [7] [8] [9] has considered the transport property in the randomly distributed system of the correlated configurations (the aggregation), in which the nearest distance between each configuration is $2p/ 2k F (the quasicrystal-like state). The quasicrystal-like state is regarded as the system composed of the Gaussian correlated distribution of the icosahedral cluster such as the Bergman type and the Mackay type, which includes 2k Fphase shift scattering. This theory is not numerical but analytical. Thus the system size is macroscopic, such as the Anderson weak localization theory, which is beyond the framework of the Boltzman transport mechanism. Taking into account the short mean free path 15 $ 20 A of the electrons in quasicrystals, it looks like that the anomalous transport properties of quasicrystals are not directly related to quasicrystal structures in the longer range than the mean free path 15 $ 20 A.
Thus the transport property in the quasicrystal-like system might be closely analogous to the one in the quasicrystal system. Recently Akiyama et al. [10] have analyzed the electrical conductivities of metallic Al--Pd--Re quasicrystals in a low temperature region, taking into account the conducting mechanism of the quasicrystal-like system. In this study by comparing with experimental data [11, 12] , we shall consider the electronic transport properties in the metallic Al--Cu--Fe and Al--Cu--Ru quasicrystals, taking into account the conduction mechanism in the quasicrystal-like system.
A model system
In the quasicrystal-like state, we shall consider the effect of the 2k F -phase shift scattering by the randomly distributed aggregation composed of correlated N number of configurations such as the prolate and oblate rhombohedra, in which the nearest distance between each configuration is $2p/2k F in the Feynman graph of Langer-Neal correction [13] with thermal Green function technique. If the d wavefunction of the transition metal atoms located in unit-cell configurations are coupled with sp antibonding states, the partial density of sp states is increased below the Fermi energy which is in the pseudogap. The 2k F -phase shift scattering induces strongly the density wave of sp electrons with wave length $2p/2k F . When high density region of the standing wave occupies on the transition metal atom, the sp electrons hybridize more strongly the d wavefunction of the transition metal atoms located in the configuration. Thus 2k F phase shift scattering and the sp-d hybridization are much correlated to each other. In this case, g / n i N|V d,sp | 2 is large value, where the matrix element V d,sp represents the sp-d hybridization, and n i is the density of the aggregation, which is composed of N number of configurations connected with distance $2p/2k F . The aggregation might be identified with the icosahedral cluster such as the Bergman type and the Mackay type [14, 15] . N depends on what kind of materials. Intuitively the electron state of quasicrystal-like system is regarded as the aggregation of incoherent standing waves due to 2k Fphase shift scattering. This is the main difference with typical amorphous states. Performing average over the positron of the icosahedral cluster, we assume the potential of the icosahedral cluster as a random quantity heving a Gaussian d-correlated distribution. The propagator G(q, w l ) of the 2k F -phase shift scattering with the sp-d hybridization can be introduced as follows,
Here w l is 2plT and l is integer. The thermal Green function D(k, e n ), (e n ¼ (2n + 1) pT, T being the temperature) is given by
Here
and q is the density of state per spin at the Fermi energy.
Q (q, w l ) is represented as follows,
The integration over dW is over the angle of v. If e n (e n þ w l ) < 0, P(q, w l ) is evaluated for small q and w as follows,
Here D ¼ v F 2 t/d is the diffusion constant. v F and d are Fermi velocity and dimension of system, respectively. Thus G(q, w l ) is represented as
By using G(q,w l ), the replacement w l ! iw, and the Green functions D AE (k) we can estimate the conductivity.
The 2k F phase shift scattering with the sp-d hybridization by correlated clusters influences the thermal Green function approximately in the lowest order as follows,
Defining L 1þ2 $ ffiffiffiffiffiffiffiffiffiffiffiffi Dt 1þ2 p , we can estimate the correction Ds 1þ2 of the conductivity in three-dimensional system by
as follows,
In the case of e n > 0 (the case of e n < 0 can be treated similarly) each summation over w l in equation (7) is evaluated as follows,
In the region of low temperature, i.e. tT ! 0, the temperature dependence of Ds 1+2 is given as Ds 1þ2 / T 3/4 . More exactly we must calculate the conductivity self-consistently, taking into account higher order contributions. Now, we shall consider the Lagrangian of the diffusion mode by integrating over the classical Fermi fields [16] . To average over the randomly distributed aggregation, which is composed of N configurations connected with distance $2p/2k F , we use the replica method [17] . We calculate the partition function Z n of n replicas of the system and average Z n over the aggregations such the icosahedral clusters. Performing averaging over the aggregation such as the icosahedral cluster, the potential will be regarded as a random quantity with a Gaussian d-correlated distribution
when V(r) is the effective potential of the clusters, and n is the state density per spin at the Fermi energy at temperature T. Averaging Z n over the distribution (10), we obtain
where
Here,
; where a and b are replica indices, and n and m are energy states. The longitudinal variations of Q make a large contribution to the free energy, so that these fluctuations can be neglected. As a result, the problem of electron diffusion reduces to a matrix non-linear sigma model 
Here s a (s b ) is the set of Pauli matrices, P a n ¼ jw where h i av represents the bond averaged quantity. By using the overlap function PðqÞ, we can introduce the rela-
Almost insulating quasicrystal-like system might mean the broadly distributed overlap function, PðqÞ, which corresponds to the replica symmetry breaking states. The sp electron energies, in one icosahedral cluster, depend strongly on sp-d hybridization and the correlation between the state, a, of sp electron wavefunctions in its icosahedral cluster and the state, b, from the other icosahedral clusters around its icosahedral cluster. Reduction of the energy, DE, is / À P [19, 20] . This certainly indicates the pseudogap near the Fermi level.
Electrical conductivities in Al--Cu--Fe and Al--Cu--Ru quasicrystals
We shall analyse the conductivity of Al--Cu--Fe and Al--Cu--Ru quasicrystals, in order to discuss the effect of the electron localization in the quasicrystal-like system. First we have analyzed the conductivity data points of the Al--Cu--Fe quasicrystal of Klein et al. [11] . Figure 1 shows the conductivity for the Al 63 Cu 25 Fe 12 quasicrystal. Each data point is represented by the solid circle [11] . The solid line shows the fit. As the inelastic scattering L int (T) decreases when temperature increases, samples can leave from the metallic regime at low T into the critical regime at high enough T. Taking into account the analysis by scaling of the conductivity in quasicrystals [21] , we believe that the Al--Cu--Fe quasicrystal in Fig. 1 is on the metallic side, where the condition, L int (T) > correlation length x, is satisfied below $70 K. That is, it is inadequate that the temperature curves for the conductivity s of the Al--Cu--Fe quasicrystal in the temperature region above $70 K are analyzed by the weak localization theory or the present theoretical formula. A solid line from 20 to 70 K in Fig. 1 shows the temperature curve for s described by a power law,
A solid line below 20 K in Fig. 1 shows the temperature dependence curve by the T 1/2 power law. The coefficient constants of the residual conductivity are coincident within AE5% in both fitting.
Second we have analyzed the conductivity data points of Al--Cu--Ru quasicrystals of Biggs et al. [12] . Figure 2 shows the conductivity for the Al 65 Cu 20 Fig. 2 show the temperature curves for s described by power lows, s(T) ¼ e þ f Á T 3/4 . Solid lines below 20 K in Fig. 2 show the temperature dependence curves by the T 1/2 power law. The coefficient constants of the residual conductivity are coincident within AE5% in both fitting.
The T 1/2 power law at law temperature on quasicrystals has been reported [22, 23] . The T 1/2 power law below 20 K is attributed to the electron-electron interactions contribution [24, 25] . It appears that the T 3/4 power laws observed in Figs. 1 and 2 are similar to predicted T 3/4 dependence for Ds 1þ2 in Eq. (9) .
It should be noted that the present conducting mechanism can explain evidently the reduction of the resistivity due to introducing many defects in quasicrystals [6] [7] [8] [9] . On the other hand, it seems that the weak localization theory cannot explain this effect. The present analysis suggests that the 2k F -phase shift scattering with the sp-d hybridization in the quasicrystal-like system is one of the important conducting mechanisms in Al--Cu--Fe and Al--Cu--Ru quasicrystals.
Conclusion
The T 3/4 power law and T 1/2 power law fit well conductivities of Al--Cu--Fe and Al--Cu--Ru quasicrystals below 70 K. It is suggested strongly that not only the weak localization and the electron-electron interaction contributions are important but the contribution from the quasicrystallike term should be included also. [12] .
